Moderate intensity exercise is associated with a decreased incidence of atrial fibrillation. However, extensive training in competitive athletes is associated with an increased atrial fibrillation risk. We evaluated the effects of 24 months of high intensity exercise training on left atrial (LA) mechanical and electric remodeling in sedentary, healthy middle-aged adults.
A trial fibrillation (AF) is the most common clinical arrhythmia and is associated with a large and increasing global health burden. 1 Exercise training modulates the risk of AF. Improvements in cardiorespiratory fitness have been associated with a reduction in incident AF in several population-based cohorts. [2] [3] [4] More recently, randomized controlled trials have demonstrated low physical activity levels are a modifiable risk factor for AF, with a 9% decrease in AF recurrence for every increase in 1 metabolic equivalent. 5 Conversely, high levels of long-term physical exercise are associated with an increased risk of incident AF. [6] [7] [8] In a recent meta-analysis of 6 contemporary studies, highintensity trained athletes demonstrated a 5-fold greater odds of incident AF when compared to controls. 9 These data support a U-shaped association between physical activity and AF risk. 10 However, the theoretical upper limit of exercise training duration and intensity necessary to increase the risk of incident AF are unknown. Further, the mechanisms by which high levels of exercise may mediate an increased risk of incident AF remain largely unknown.
Recently, our group demonstrated that 24 months of exercise training decreased cardiac stiffness in the primary analysis of this group of healthy, previously sedentary middle-aged adults. 11 In a further analysis, we demonstrated 10 months of exercise training (the peak training load in these subjects) led to a balanced increase in left atrial (LA) and left ventricular (LV) volumes. 12 However, even 10 months of intense exercise training may not reflect the changes seen in competitive athletes. In our current analyses, we explored the impact of prolonged high-intensity exercise training on LA electric and mechanical function in these previously sedentary middle-aged adults over a 24-month period. We hypothesized that vigorous exercise training would result in LA mechanical remodeling reflected by a progressive increase in LA volume (primary outcome of this subanalysis), increased left atrial ejection fraction (LA EF), increased active LA filling percentage, and electric remodeling evidenced by slower impulse propagation, increased premature atrial contraction burden, and greater incident AF when compared with controls.
METHODS

Subjects
Two hundred and sixty-two individuals underwent initial screening for medical comorbidities. A complete medical history was obtained and a study physician performed a physical examination. Subjects were excluded if any of the following conditions were documented by a primary care physician or were self-reported, unless otherwise specified: hypertension (use of antihypertensive medications or ambulatory systolic blood pressure >135 mm Hg), measured body mass index ≥30 kg/m 2 , untreated hypo-or hyperthyroidism, the presence of obstructive sleep apnea or use of a home continuous positive airway pressure machine, chronic obstructive pulmonary disease, tobacco use during the past 10 years, coronary artery disease, or structural heart disease, as previously reported.
11 A 12-lead electrocardiogram (ECG) was obtained for each participant and interpreted for arrhythmias, conduction abnormalities, or evidence of ischemia. All participants were fitted with a 24-hour ambulatory blood pressure monitor (SunTech Oscar 2) for baseline readings and circadian variability. 13 Participants with a self-reported exercise regimen of more than 90 minutes per week or a self-reported history of AF were excluded.
Sixty-one healthy, middle-aged, sedentary adults 45 to 64 years of age (29 men, 32 women; average age 52.1±5 years) met these criteria, agreed to participate, and underwent block randomization to either an aerobic exercise interval training program (exercise) or an active control group of balance and flexibility (control). Baseline anthropomorphic data including height and weight were recorded and used to calculate BMI. Subject screening and recruitment details have been reviewed in previously published manuscripts.
11 All participants signed an informed consent form. The institutional review board of the University of Texas Southwestern Medical Center at Dallas and Texas Health Presbyterian Hospital Dallas approved the study. These analyses are a substudy of the NCT02039154 trial registered on www.clinicaltrials.gov, with a detailed description of the subject population and sample size calculation provided in a previous publication. 11 The trial was overseen by an independent data and safety monitoring board. All authors had full access to the study data and take responsibility for its integrity and the data analysis.
All participants (both exercise and control) were assigned an exercise physiologist who provided close follow-up and
Clinical Perspective
What Is New?
• Extensive training in competitive athletes has been associated with an increased risk of atrial fibrillation, but our understanding of the duration of exercise necessary to develop atrial fibrillation and its underlying mechanisms remains incomplete.
• Our study demonstrates 24 months of high intensity exercise training led to a disproportionate dilation of the left atrium compared to the left ventricle; no electric remodeling was seen.
• Compared with Masters athletes, those participants randomized to exercise training demonstrated lower absolute left atrial and left ventricular volumes, but a similar left atrial to left ventricular ratio after 24 months of exercise training.
What Are the Clinial Implications?
• Different thresholds may exist for mechanical and electrophysiological changes to occur in response to prolonged exercise training.
• Our findings support a potential mechanism by which prolonged endurance exercise training leads to atrial fibrillation. ORIGINAL RESEARCH ARTICLE monitored training at least twice per month at our institute or at their place of training. Participants kept logs of their training activities and wore heart rate monitors (Polar, Kempele, Finland) to record exercise duration, training heart rate, and to document adherence to the exercise prescription. Baseline (time 0), 10-month, and 24-month testing was performed including body composition, exercise testing, echocardiography, and P-wave signal average ECG (P-SAECG). Extended ambulatory telemetry monitoring was conducted at time 0 and 24 months. An exercise log and heart rate monitor (Polar) were used to monitor training compliance. The mean monthly training load has been reported.
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Exercise Training
The exercise training regimen consisted of 2 distinct phases: an initial 10 months of progressive exercise training to peak load, followed by 14 months of maintenance exercise training. Full details have been previously published and are available in the online-only Data Supplement. 11 Briefly, the initial phase was comprised of 6 months of progressive training, during which an increase in frequency, duration, and intensity of exercise (including 2 high intensity aerobic interval sessions/week) were prescribed to peak training load. Peak training load included 5 to 6 hours of exercise per week including 2 interval sessions, at least 1 hour-long session, and two 30-minute sessions. Peak training load was then sustained for 4 months, after which 10-month measurements were recorded. Following this phase, a 14-month period of maintenance exercise was completed, where the frequency of high intensity intervals was reduced to 1/week plus continuous training (24-month time point). During the maintenance phase, participants performed a total of approximately 3 hours/week of aerobic exercise.
Balance and Flexibility Training (Control)
The balance and flexibility group was prescribed a combination of 1-hour balance, strength, or relaxation training at least 3 times per week for 24 months. Participants performed the activities in groups, stretching classes in the community, or completed an instructional video at home with the goal of providing a similar level of interaction with research staff between both groups, as previously published.
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Endurance Athletes
A separate, nonrandomized group of competitive endurance athletes was added as a cross-sectional comparator group for the effects of long-term endurance exercise on cardiac structure and function in the type of athletes who have been reported to have an increased risk of AF. Fourteen representative age-matched competitive athletes in sinus rhythm with a minimum training duration of 10 years were enrolled (11 men and 3 women; average age 52±4 years). Four athletes reported a history of paroxysmal AF, but all were in sinus rhythm at the time of the study. Athletes with AF were excluded only if they had a history of catheter ablation or were taking antiarrhythmic drugs at the time of enrollment. Inclusion criteria for the endurance athletes were (1) participation in competitive swimming, cycling, marathon running, or triathlons for a minimum of 10 years, (2) participation in at least 2 competitive events per year, and (3) current active training for a competitive event. As in the longitudinal study, body composition, exercise testing, echocardiography, and extended ambulatory telemetry monitoring were performed on all participants. Because 2 years of exercise training is still less than that typically observed in competitive Masters athletes and of those athletes at elevated risk of developing AF, this group was added to provide important context and comparison for individuals with prolonged training regimens.
Echocardiography
Assessment of LA and LV structure and function were obtained using 3-dimensional (3D) echocardiography (IE33 Phillips Medical Systems, Andover) at baseline, 10 months, and 24 months. Left ventricular end-systolic, LV end-diastolic volumes (LV EDV), LA end-systolicand LA end-diastolic volumes (LA EDV) were measured in the 2-and 4-chamber views with 5 points at the apex and mitral annulus. A LA:LV volume ratio was calculated by dividing the 3D LA end-diastolic volumes by LV EDV.
14 LA ejection fraction (LA EF) was calculated using a standard approach, as described in the online-only Data Supplement. We refer to LA end-diastolic volumes as LA volume throughout the manuscript, unless otherwise specified.
Pulsed wave Doppler at the mitral inflow was used to assess LV diastolic filling patterns, where early and diastasis filling (E+D wave) and late filling (A wave) velocity time intervals (VTI) were measured. 15, 16 As described in previous publications, an active emptying percentage of the total LA emptying was calculated as follows: LA Active Emptying %=[A VTI / (E VTI + D VTI + A VTI )]*100. 12, 17 A trained analyst manually adjusted all computer-generated markings offline and was blinded to participant identifiers. All images were subsequently verified and further modified as needed by a board-certified cardiologist to ensure high quality markings.
P-SAECG and Telemetry Monitoring
P-SAECG and extended telemetry monitoring were used to noninvasively analyze cardiac electric remodeling. Two P-SAECG variables were calculated: the filtered P-wave duration (FPD) and the root mean square voltage of the last 20 milliseconds (RMS 20 ), which reflects atrial late potentials. Both variables have previously been used to identify an elevated risk of AF and predict AF recurrence. [18] [19] [20] [21] Continuous supine 12-lead ECGs were obtained using a Mortara XScribe system (Mortara Instruments) at a 1 kHz sample rate. Digital ECG files were analyzed using MATLAB custom software (Mathworks, Natick, MA). QRS detection was performed by template matching algorithm of median QRS complexes generated from a 10-second segment for each of the ECG leads. A segment of the ECG, free of artifact and with stable resting heart rate, was manually selected for P-wave analysis. An initial average P-wave was calculated for each lead based on QRS triggering. This averaged P-wave was then cross-correlated with each raw P-wave for temporal alignment. A total of at least 200 P-waves per participant were examined. Individual P-waves more than 2 standard deviations from the mean P-wave were excluded in the final calculation of the averaged P-wave. Filtered signal-averaged P-wave analysis was done
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by an orthogonal lead ECG approximation of the averaged 12-lead P-wave derived using the inverse Dower transformation. 22 The XYZ signals were then high pass filtered at 40 Hz then combined into a vector magnitude, ([
). An operator blinded to the participant's identity and group randomization performed all markings.
At both baseline and 24 months, subjects underwent additional extended telemetry monitoring for up to 14 days at baseline via a 5" x 2" bipolar electrode patch (ZioPatch, iRhythm technologies, CA), 23 which provided a qualitative and quantitative burden of atrial arrhythmias (premature atrial contractions [PACs] and AF). AF was defined a priori as an irregularly irregular atrial activity lasting >30 seconds with the absence of P-waves; all tracings in which AF was considered were reviewed by a board-certified electrophysiologist.
Total Blood Volume, Body Composition, and Right Heart Catheterization
Right heart catheterization was performed and wedge position was confirmed under fluoroscopic guidance and the presence of typical waveforms, as described by our group previously.
11 Mean pulmonary capillary wedge pressure and right atrial pressures were determined at end expiration. Total blood volume and body composition were calculated at baseline and 24 months. Total blood volume was measured using the carbon monoxide rebreathing method and has been reported in detail previously by our group. 24 Body density and composition were determined by underwater weighing with correction for residual lung volume. 25 Cardiac index was determined by the foreign gas rebreathing technique with acetylene as the soluble gas and helium as the insoluble gas.
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Statistical Analysis
Continuous variables are expressed as mean and standard deviation or least square means and 95% confidence intervals (CIs), and categorical variables are expressed as n (%). The primary analysis included all participants who completed the 2-year follow-up. Our a-priori primary outcome of interest was the change in LA volumes. Continuous end points were compared between groups using mixed-effects model repeatedmeasures analysis. The repeated-measures models included the intervention group factor (control versus exercise), a repeated factor for study visits, and a group × visit interaction term; the study participant was modeled as a random effect. The difference in response between control and exercise groups was assessed via the group × visit interaction effect. Within-group and between-group pairwise comparisons were made using the least square means derived from these mixedeffects models only if the respective interaction term was significant. The covariance structure for mixed-effects models was selected based on Akaike Information Criteria and model parsimony. PACs are reported as median PAC per hour (25 th percentile and 75 th percentile) and mixed-effects modeling was not used owing to their skewed distribution. For the PAC data, 24 months between-group analyses used Wilcoxon Rank Sum testing. For all analyses, a 2-sided P value of <0.05 was considered statistically significant. The analysis was performed using SAS version 9.4, SAS Institute (Cary, NC). The data and study materials will not routinely be made available to other researchers for purposes of reproducing the results or replicating the procedure, though we are happy to provide additional details regarding the analytic methods to interested investigators. Specific requests from individual researchers will be considered on a case-by-case basis.
RESULTS
Participant Demographics and Baseline Cardiovascular Risk Factors
Out of the 61 randomized participants, 28 in the exercise group and 25 in the control group completed the training regimen at 24 months and were included in the final analyses. Table 1 illustrates the baseline participant characteristics. Participants in the exercise group maintained excellent compliance with the 2-year exercise intervention (mean 88±11%).
Effect of Exercise Intervention
These data are reported elsewhere and are reproduced here for convenience. 11 The exercise intervention resulted in a 5.3 mL/kg/min (95% CI, 4.15-6.40) increase in Vo 2 max in the exercise group and no change in the control group Vo 2 max (-1.0 mL/kg/min [95% CI, -1.3-0.7]) at 24 months when compared to baseline. Twenty-four months of exercise training led to a reduction in the heart rate (P interaction < 0.001) and prevented weight gain in the exercise group (P interaction=0.03). No changes in resting hemodynamics (right atrial pressure, pulmonary capillary wedge pressure, or cardiac index) or body composition (weight, body fat, or fat-free mass) were observed ( Table 2 ).
Mechanical Changes in 3D Left Atrial Volume and Function
Although both LA and LV volumes increased proportionately from baseline to peak training (10 months), only LA volumes of the exercise group increased further with additional exercise training. Mixed effects modeling showed a differential treatment effect in the exercise versus control groups (P interaction <0.0001). LA volumes increased 19% from baseline to peak training load (mean difference 3. (Figure 1 ). In contrast, there was only a small increase in LA volumes in the control group over 24 months of follow-up (Figure 1) ORIGINAL RESEARCH ARTICLE did not differ between the 2 sexes (group x visit x male, P interaction=0.85), with a net mean difference in LA volumes of 8.8mL/m 2 for females versus 7.3 mL/m 2 for males between the 2 groups. While there were significant increases in the LA volume in the exercise group, the resultant volumes were less than that of the comparative Masters athlete cohort (Figure 1) .
Mixed effects modeling showed a trend toward a differential treatment effect in LA EF in the exercise versus control groups (P interaction=0.06). Although the overall interaction did not meet statistical significance, ex- (Figure 2) . The mean LA EF in the control group did not change from baseline over 24 months of follow-up (Figure 2) . The LA EF of the exercise group approximated the mean LA EF of the Masters athlete group at the conclusion of the 24-month training regimen (Figure 2) .
There was no significant difference in treatment effect of LA active emptying percentage for the exercise and control groups (P interaction=0.18). Baseline LA active emptying percentage for the exercise and control groups were 41% (95% CI, [38] [39] [40] [41] [42] [43] [44] 
Changes in 3D Left Ventricular Volume
Mixed effects modeling demonstrated a differential treatment effect in the exercise versus control groups (P interaction=0.002). In subjects randomized to exercise training, the LV EDV increased 17% (mean within group difference 8.5 mL/m 2 [95% CI, 5.9-11], P<0.0001) from baseline with 10 months of progressive exercise. However, no further increase Variables are expressed as mean (95% confidence intervals) or n (%). BMI indicates body mass index; bpm, beats per minute; DBP, mean 24-hour ambulatory diastolic blood pressure; SBP, mean 24-hour ambulatory systolic blood pressure; and Vo 2 max, maximal oxygen uptake. Variables are expressed as least square means (95% confidence intervals). Group x time represents the interaction term and * P<0.05 represents within group comparison from baseline to 24 months derived from mixed effects repeated measure analysis. bpm indicates beats per minute; PCWP, pulmonary capillary wedge pressure; and RAP, right atrial pressure. These data are reported elsewhere and are reproduced here for convenience.
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in LV volume was observed during the maintenance exercise phase (mean within group difference from baseline 7.6 mL/m 2 [95% CI, 4.8-10], P<0.0001), as previously reported (Figure 3 ). In those randomized to control, the indexed LV EDV did not change from baseline to 24 months (Figure 3 ). At 24 months, a net estimated between-group difference in indexed LV EDV of 7.6 mL/m 2 ([95% CI, 3.6-12], P=0.0004) was observed. The resultant mean LV EDV in the exercise and control groups were lower than those in the Masters athlete cohort.
Changes in LA:LV End Diastolic Volume Ratio
Mixed effect modeling demonstrated a differential treatment effect in the exercise versus control groups (P interaction=0.02). In the exercise group, there was no change in the LA:LV ratio during the initial 10 months of progressive high intensity exercise (Figure 4) . However, the exercise group demonstrated a 32% increase (mean difference 0. 
Electric
Electrophysiological Remodeling Using P-SAECG and Extended Telemetry Monitoring
Mixed effect modeling did not show a differential treatment effect in FPD between the exercise and control groups (P interaction=0.18). The FPD did not change in either the exercise group (P=0.13) or the control group (P=0.51) from baseline to 24 months (Table 3) . No difference in the treatment effect of exercise on RMS 20 was seen between the 2 groups (P interaction=0.73). The RMS 20 of both groups did not change and there was no net estimated treatment difference in RMS 20 between the 2 groups (0.07 μV [95% CI, -0.15 to 0.30], P=0.52) at 24 months (Table 3 ). 
DISCUSSION
The primary results of this randomized, prolonged exercise training study in sedentary, healthy, middle-aged adults are: (1) both LA volume and LV EDV experienced balanced remodeling during 10 months of progressive high intensity exercise, but only LA volume continued to increase with additional exercise training; (2) 24 months of exercise training increased the LA:LV EDV ratio 32% from baseline, approaching values similar to the long term athletic comparator group, with no change in the control group; and (3) no qualitative or quantitative electric changes were observed following 24 months of exercise training and no AF was identified. Together, these data suggest there may be different thresholds for electrophysiological and mechanical changes in response to 24 months of exercise training and provide a potential mechanism by which high intensity exercise training leads to AF.
The effect of exercise on LA mechanical and electric remodeling is of significant physiological and clinical importance. A U-shaped association exists between physical exercise and the risk of AF where low rates of physical activity are associated with an increased risk of incident AF, while moderate physical activity is associated with reduced rates of AF. 2 However, there is growing epidemiological evidence that high doses of exercise are also associated with an increased risk of incident AF in the general population [26] [27] [28] and a 2 to 7-fold increase in the risk of incident AF in high intensity endurance athletes. 29, 30 This relationship represents an important paradox in AF -despite an overall reduction in cardiovascular disease, 31 high doses of exercise may, in fact, increase the risk of AF. However, the mechanism by which extreme exercise increases the risk for incident AF remains largely unknown.
During endurance exercise, cardiac output increases 4-fold from rest in untrained individuals and nearly 8-fold in highly trained athletes, proportionate to the increase in metabolic demand (Vo 2 ). 32 This increased flow provides a volume challenge affecting all 4 cardiac chambers. At 10 months, exercise training led to a balanced remodeling of the LA and LV evidenced by a proportional increase in both the LA and LV volumes. This remodeling is congruent with previous studies highlighting the physiological 4-chamber dilation in response to exercise, a hallmark of an athlete's heart. 33 At 24 months, however, we demonstrate that a prolonged high intensity training regimen results in LA and LV EDV increases that were not proportional. Indeed, the LA:LV EDV ratio increased more than 30% in the exercise group when compared to baseline and was similar to that of the endurance Masters athlete comparator group.
To explain the differential effects on the 2 left-sided chambers, it is necessary to consider the effects of exercise on the cardiac cycle. During exercise, the proportion of time spent in systole increases, resulting in mitral valve closure for a greater proportion of the cardiac cycle. Due to this altered timing, the LA, as the upstream chamber, experiences increased pressure during exercise. 34 The downstream consequences may disproportionately impact the LA over the LV due to the "dam wall" effect proposed by Andre La Gerche. 35 Due to its thin walled structure, the LA may more quickly dilate in response to the stress of exercise than the left ventricle. In our study, LA volumes progressively increased with additional high-intensity exercise training (from baseline to 10 months and 10 months to 24 months). Yet, the LV volumes appeared to plateau after 10 months of exercise. Whether these LA structural changes represent physiological hypertrophy or pathological remodeling in response to prolonged and intense exercise training have yet to be determined. Our data support the physiology behind the dam wall effect during exercise, which may underlie the differential mechanical remodeling of the LA and LV.
This disproportionate increase in LA volume likely has important clinical consequences. Population-based studies have identified LA size as strongly associated with cardiovascular disease outcomes, including in- 
ORIGINAL RESEARCH ARTICLE
cident AF. [36] [37] [38] Endurance athletes have larger LA volumes and an increased PAC burden when compared to controls. 39 But whether the association between high doses of exercise and AF is mediated by structural changes, electric remodeling, or both remains unknown. Endurance athletes with a high cumulative training dose have prolonged FPD and more frequent PACs in addition to larger LA volumes. 40 Yet, it is unclear whether LA structural changes preceded the aforementioned electric remodeling.
Contrary to our hypothesis, our data suggest 2 years of high intensity exercise training does not affect noninvasive markers of electric remodeling, despite significant mechanical LA remodeling. Furthermore, previous analyses from this randomized trial demonstrated no differences in plasma volume, total blood volume, cardiac index, or pulmonary capillary wedge pressure, further supporting the theory that these mechanical changes may be due to the "dam wall" effect.
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The concept that mechanical changes may precede, or perhaps occur independently of prolonged FPD, increased atrial late potentials, and a greater PAC burden, is novel. The previous theory that athletes have an increased susceptibility to atrial arrhythmias due to concomitant mechanical and electric changes may need to be updated. 41 The susceptibility to AF may be a sequential process in which the electric remodeling requires prolonged exercise exposure or is a downstream consequence of the atrial mechanical remodeling.
Several theories may explain the profound LA mechanical changes but lack of electric remodeling observed in our study. First, the duration of exercise prescribed may have been insufficient to result in qualitative or quantitative electric changes. Cardiac electric remodeling is a complex process that has been attributed in large part to modulation of the autonomic nervous system. 42, 43 Autonomic nervous system control mediated by increased vagal tone has been associated with prolongation of the PR interval and more frequent PACs. 44 It has been hypothesized that vagally-mediated electric changes play a significant role in the development of AF in athletes. These autonomic changes typically occur early after starting an exercise regimen; 45 however no increase in FPD nor PAC burden was observed in our population. Thus, it is unlikely the autonomic nervous system alone leads to the electric changes seen in athletes.
Previous work has shown electric remodeling including bradycardia in response to exercise is present even after complete autonomic blockade, indicating mechanisms beyond vagal tone play a substantial role. 46 Fibrosis of the cardiac conduction system due to mechanical stress has also been proposed as a potential mechanism for the prolonged FPD and greater atrial late potentials observed in extreme exercise training. 47 This timing of cardiac fibrosis remains unclear and our study was not designed to directly test this hypothesis. Alternatively, downregulation of specific ion channels (eg, funny channel HCN4) in response to exercise has been demonstrated in rodent models with similar mechanisms proposed in humans. 48 However, the intensity and duration of exercise necessary for regulation of these mechanisms in humans remains unknown.
Some authors have argued that cumulative lifetime training hours are critical to LA remodeling. 40 In our population of sedentary middle-aged adults, the prescribed exercise regimen may have not overcome a lifetime of low training hours and thus may have been insufficient to reach the lifetime threshold necessary to result in qualitative or quantitative electric changes. It is unlikely the intensity of the exercise prescribed was below the threshold resulting in electric remodeling. Our prescribed regimen is based on prior literature supporting high intensity training effects on cardiorespiratory fitness, and our data demonstrate an objective, substantial improvement in Vo 2 with excellent maintenance of the prescribed exercise regimen. 11, 49 It is more likely that the duration as opposed to the intensity of exercise training explains this difference in electric and mechanical remodeling. Performing a longer exercise training duration may ultimately result in the prolonged FPD with an increased PAC burden observed in athletes. However, the logistics of conducting such a prolonged longitudinal study may prove to be prohibitive to directly test this hypothesis.
Strengths and Limitations
Our study had several strengths that merit highlighting. First, participant compliance with the prescribed high intensity regimen was excellent, with an 88±11% adherence to exercise sessions. Second, objective measurement of qualitative electric remodeling and LA and LV volumes were determined by highly-trained readers blinded to the study participants to limit the risk of introducing bias and to maintain the internal validity of our findings. Third, to our knowledge this study represents the longest duration and most comprehensive exercise training regimen to assess mechanical and electric LA along with invasive measurement of LA pressure in otherwise healthy adults. Lastly, although this study was not powered for safety end points, no participants developed major adverse events nor developed AF during the follow-up period. This outcome suggests the long-term effect of high-interval training has a reasonable safety profile in this demographic with demonstrable beneficial effects on the cardiovascular system. This design provides a unique, comprehensive assessment to help expand the knowledge base of a clinically important topic.
Several limitations of our study are notable. This was a single-centered design and participants were screened to be a healthy and sedentary population (participants were excluded if they exercised >90 minutes per week). While this thorough screening approach allowed for isolation of the specific variable being tested (exercise training), it selected a motivated cohort of subjects. Generalizing these findings to the broader population should be done with caution, though it should be noted that this particular characteristic is also typical of competitive Masters athletes. Second, we used noninvasive testing to evaluate P-wave impulse propagation and atrial late potentials in our participants. While P-SAECG may not be sensitive enough to detect subtle changes, the noninvasive testing used was designed to provide a relevant electric remodeling phenotype with available noninvasive testing. Third, it is important to highlight that our sample size provided sufficient power to detect structural differences in LA volumes and clinically meaningful changes in FPD, though we may be underpowered to detect small differences in this variable. Fourth, AF ascertainment was performed using 2 weeks of extended telemetry monitoring. Since our participants were at low absolute risk for AF (with a mean age of 52±5 years and free from cardiovascular risk factors), the expected rates of detecting AF were low. Future studies may consider incorporating longitudinal data from implantable devices, including implantable loop recorders, and mobile health technology to lengthen the follow-up period and increase detection rates.
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CONCLUSIONS
In conclusion, we demonstrated that 24 months of high intensity exercise training resulted in LA greater than LV mechanical remodeling highlighted by increased LA volumes and an increased LA:LV ratio with no observed electric remodeling. Together, these data suggest there may be different thresholds for electrophysiological and mechanical changes in response to 24 months of exercise training and provides evidence supporting a potential mechanism by which high intensity exercise training may lead to AF.
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